We demonstrated that spatial Kerr beam self-cleaning can be obtained in a highly multimode multicomponent optical fiber based on lanthanum aluminum silicate oxide glasses (SiO2-Al2O3-La2O3), which was made by using the modified powder in tube technology (MIPT). We show how such fabrication method can provide interesting potentialities to design doped multimode optical fibers with homogeneous and quasi-parabolic refractive-index core profile for nonlinear optics applications.
Introduction
Graded-index multimode optical fibers (GRIN MMFs) have been recently reconsidered, owing to their potential to implement complex nonlinear spatiotemporal phenomena, involving a rich variety of novel nonlinear processes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Among others, we may list, for instance, Kerr-beam self-cleaning (which allows for brightness improvement of a multimode beam) [4] , geometric parametric instability (GPI) [5] [6] , multimode solitons [7] , intermodal four-wave mixing (IMFWM) [8] [9] [10] , modulation instability [11] , ultrabroadband dispersive radiation generation [12] , second harmonic generation induced by an all-optical poling process [13] [14] , supercontinuum generation [15] [16] , spatio-temporal mode-locking [17] [18] , and control of nonlinear multimode propagation by means of wavefront shaping [19] [20] .
Spatial Kerr-beam self-cleaning is of particular interest since it leads to force light to self-organize and to emerge at the fiber output end largely confined in a quasi-single transverse mode. The nonlinear mechanism at the origin of such peculiar spatial reshaping can be understood as a parametric four-wave mixing process, which breaks the orthogonality among the modes, and promotes an energy transfer towards the fundamental mode or, more generally, lower-order modes, even in the presence of linear mode coupling owing to fiber stress or bending. Indeed, the phasematching process of this parametric process is initiated by the longitudinal beating between a multitude of modes, producing a periodic refractive index grating mediated by the Kerr effect. Because of the strong convergence of the beam energy from high-order modes (HOMs) towards a single transverse mode of the fiber, self-phase modulation comes into play, which prohibits the backward energy flow process into HOMs, thus irreversibly locking the beam in a quasisingle transverse mode.
In this self-organization process, one of the most important parameters to consider is the refractive index profile. In the case of a parabolic transverse index distribution, the guided modes can be subdivided into groups with equally spaced propagation constants. Such a parabolic index profile has been widely used since many years to minimize modal dispersion of MMFs, and it is particularly helpful to increase the nonlinear interaction length among modes. The Kerr-induced grating is at the origin of the aforementioned phase matching process, which is able to couple modes that, at low powers, have different propagation constants, hence permitting to control the Kerr-beam self-cleaning dynamics [4] . 
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Spatial beam self-cleaning has also been reported in active multimode optical fibers even in the case of a non-parabolic refractive-index profile [17] [18] 22 ]. However, our experiments show that a deviation from a perfect parabolic shape increases the power threshold for beam cleaning, and consequently reduces the amount of power transferred to the "cleaned" mode [23] . Therefore, besides the choice of the input conditions, the principal ingredients for beam selfcleaning are the fiber characteristics, including the refractive index profile, the core diameter and the nonlinear refractive index of the glass. In this context, fiber technology can play a pivotal role, by permitting to design complex guiding profiles with longitudinal and/or transverse structuration of dopants that can in turn enable the control of velocity differences among the guided modes, hence the efficiency of energy exchange among them. Unfortunately, the control of the refractive index profile and active ions currently remains a challenging task, which is not yet completely mastered.
In 1995 Ballato et al. [24] used a new fiber fabrication method called "powder in tube" with the aim of increasing rare-earth concentration in optical fiber lasers. This method was based on the melting of a powder composition in a capillary tube during the drawing process. It offers a large degree of freedom in the fiber design, thus allowing one to realize symmetric or asymmetric fibers composed of several different materials. Moreover, this method can be easily combined with the stack-and-draw process. With the powder in tube method, the mutual diffusion of different chemical compositions between the core and the cladding can contribute to shaping the refractive index profile and the doping concentration. Interestingly, such a technique may permit the fabrication of very large core active fibers with a controlled repartition of rare-earth ions. The method has been further improved by implementing a modified powder-in-tube technique (MPIT), which consists of a consolidation process taking place in the preparation of the preform, either under vacuum or pressurized gas, and where particular properties of the fiber were achieved [25] .
In this paper, we demonstrate that by using the MPIT method, it is possible to draw a multimode lanthanum aluminum silicate fiber (MLASF) with quasi-parabolic refractive index profile, exhibiting losses that are low enough to permit observing nonlinear effects such as the spatial self-cleaning. Spatial, spectral and temporal dynamics of the output cleaned beam are also analyzed and discussed.
Fiber characteristics
In our experiment, we used a 3m-long optical fiber, fabricated by using the MPIT method, and composed by lanthano-aluminosilicate (SAL) glass with the following composition of the fiber core (in mol%): 82% SiO2 -11.6 % Al2O3 -6.4 % La2O3 [27] . Because of the diffusion species from the molten core to the silica cladding during the drawing process, a quasi-parabolic refractive index profile was obtained after the fiber drawing [25, 26] (see Fig.1 ). This glass has a transition temperature Tg ~ 900 °C and a thermal expansion coefficient α ~ 2.8 × 10 −6 K −1 : note that this value is 7 times larger than the corresponding value for pure silica glass. The refractive index difference between the core and the cladding is close to 0.06 for a core diameter of 28 µm. Thus, more than one thousand modes can be guided in such multicomponent optical fiber. The measured linear losses are 1.95 dB/m, and the nonlinear refractive index n2 is estimated to be between 5.8 and 7 × 10 -20 m² / W [27] , which is 2 times higher than the one of the silica cladding n2(silica)=2.7 × 10 -20 m² / W. The zero dispersion wavelength of the fundamental mode at the pump wavelength is close to 1400 nm. 
Experimental setup
In our experimental setup, we used a longitudinally and transversely single-mode laser at 1064 nm, delivering more than 180 kW of peak power with pulses of 500 ps (repetition rate 500 Hz). An optical system, composed by a polarizer cube interposed between two half-wave plates, and a convergent lens, allowed to control the power coupled in the fiber and the orientation of the linear polarization state of the input light. The laser beam focused on the input fiber face was close to 18µm (Full Width at 1/e² in intensity). The output beam profile was measured with a CCD camera while the spectrum was recorded with an Ando AQ-6315A optical spectrum analyzer. The output temporal pulse shape was measured instead by using a 20 GHz bandwidth oscilloscope coupled with a 12 GHz photodiode.
Results and discussion
We started our experiments by characterizing the output spatial beam shape as a function of the power injected into the MLASF. As can be seen from the insets of Fig.  2 , for low values of input peak power and for a centered input beam, the output beam exhibited a speckled pattern, owing to the simultaneous excitation of many transverse modes propagating with their own phase velocity. Despite the careful alignment of the input beam with the fiber axis, the beam quality at the output end of the fiber appeared to be quite poor, without the prevalence of any given transverse guided mode. However, by increasing the input peak power and by keeping unchanged the position of the input beam, we observed a gradual change in the energy distribution that was progressively concentrated at the center of the fiber core. When we reached the maximum value of 32 kW peak power coupled in the multimode fiber, the diameter of the output beam reached a value close to 12 µm (at 1/e²). In the presence of this peak power variation, the M² coefficient, recorded with a Thorlabs M2MS-BC106VIS(/M) system, evolved from 4.5 down to 1.6, as illustrated in Fig. 2 and 3 , respectively. The nonlinear beam reshaping observed at the fiber end shows a significant brightness enhancement of the propagating beam. The peak power threshold of the Kerr self-cleaning effect was measured to be equal to 4 kW for a 3-m long optical fiber. For the sake of comparison, the threshold for spatial Kerr self-cleaning obtained in a 3-m long standard, commercially available, 50/125 GRIN optical fiber was close to 12 kW. Note however that, for a fair comparison between the two fibers, one should consider that the GRIN fiber has a core area which is 3.2 times larger than the present multicomponent fiber. Once rescaled by the area, the relatively low value of self-cleaning threshold, obtained for our multicomponent fiber, appears to be comparable with that obtained in a standard GRIN fiber, despite the much higher loss coefficient (1.95 dB/m for our fiber compared to 2.3 dB/km for GRIN fiber), but thanks to the twice higher nonlinear refractive index. Indeed, the higher nonlinear refractive index of the core material appears to balance, upon propagation, the faster input power decrease, so that similar Kerr self-cleaning thresholds are obtained with the MLASF and the GRIN fiber.
Next, we studied the spectral evolution upon input power that accompanies Kerr beam self-cleaning. As can be seen in Fig.4 , for input peak powers ranging from 0 to 30 kW, the output spectrum of the multimode beam at 1064 nm changes significantly. In the linear propagation regime (for relatively low powers, i.e., 0.2 kW in Fig.4 ), the spectral profile exhibits a single longitudinal mode with spectral width close to 10 pm. When we increase the power close to the self-cleaning threshold (see curve for 3.2 kW in Fig.4) , we can see that the self-cleaning process takes place with only minimal impact on the output spectrum profile: small pedestals appear at -35 dB below the maximum peak intensity. On the other hand, for peak powers higher than 10 kW, one observes a strong modification in the spectral power distribution. A modulation instability (MI) is clearly visible in the spectral profile for the 30 kW curve in Fig.4 : a pair of sidebands grows at the edges of the spectrum. For the peak power of 30 kW, the spectral broadening of the central frequency reaches the Raman shift of lanthanum aluminum silicate oxide glass, leading to two lateral bands at 1039 nm and 1091 nm [29] . We also verified in these experiments that, in agreement to previously reported results [4] , Kerr-beam selfcleaning appears before the occurrence of other nonlinear effects such as self-phase modulation, MI and stimulated Raman scattering (SRS). The maximum spectral shift of the sidebands is close to 7.15 THz in the normal dispersion regime (see Fig.4 ).
Figure 4:
Output Spectrum at different input peak powers (fiber length: 3 m).
We completed our investigations by measuring the signature of the Kerr beam self-cleaning process in the time domain. In order to do so, we magnified the output beam, so that only the central part was detected by the small effective area of an ultrafast photodetector. We recorded the temporal pulse profile at the center of the output beam, which mainly contains the fundamental transverse mode. We repeated the same operation for increasing input power values. Our results are summarized in Fig. 5 . Because of the symmetry of the initial coupling conditions, where the propagation direction of the incident Gaussian beam was aligned along the fiber axis, we expect that the initial phases of each transverse mode are similar at the fiber input face. By assuming a perfect phase-matching of the spatial fourwave mixing process, energy exchange among modes is mainly driven by the instantaneous peak power carried in each of them [30] . Therefore, an initial bell-shaped pulse is drastically modulated in time upon propagation, with the appearance of several sharp peaks for different values of the instantaneous intensity (see Figs. 5(a) and 5(b)). Such oscillating behavior (with respect to power variations) of the mode coupling process was observed in the central part of the output beam pattern. In Fig. 6 we plotted the maximum peak power enhancement at the fiber output, obtained by taking into account of the pulse shape and its temporal duration. An enhancement factor of the initial peak power of more than 1.2 was measured in the presence of the Kerr self-cleaning process, just before the appearance of SRS. As soon as SRS is observed, a drastic depletion of the central part of the pulse occurs (see Fig.6 ), as can be seen for input peak powers higher than 15 kW. In this way, we could demonstrate that beam self-cleaning is accompanied by a temporal pulse narrowing from 525 ps down to 190 ps (FWHMI) (see Fig. 5(b) ). Similar results were obtained with a GRIN fiber [30] . 
Conclusion
In this paper, we demonstrated that the spatiotemporal dynamics associated to Kerr beam self-cleaning could be obtained in an "exotic" quasi-parabolic index lanthanum aluminum silicate multimode fiber drawn by using the MPIT method, where the propagation losses of the fiber were compensated by a higher nonlinear refractive index. Indeed, we observed a significant improvement of the output beam brightness, as well as a pulse shortening from 525 ps down to 190 ps with a limited distortion of the output spectrum profile. The peak power enhancement obtained during the Kerr self-cleaning phenomenon is sufficient to reach the SRS threshold. Moreover, in this work we showed that MPIT is an excellent fabrication method to draw fibers for investigating and exploiting the spatiotemporal dynamics of Kerr beam self-cleaning, since it allows obtaining a graded-index profile of the fiber core composed of materials beyond the scope of the usual silica including, in particular, rare earth-ion compounds.
